During germination, the embryo axis elongates and the radicle emerges through the surrounding structures of the seed. However, this elongation is not even along the axis, and it has been suggested that the region responsible for radicle protrusion is related to the type of subsequent seedling establishment. Eleven epigeal-and five hypogeal-type species were selected to study endoreduplication, a process coupled with cell elongation, in the radicle, hypocotylradicle transition zone, hypocotyl, and cotyledons of dry and germinating seeds, and in seedlings after radicle protrusion. Flow cytometry was used to establish the proportions of nuclei with different DNA contents, the mean C-value, and the (Σ>2C)/2C ratio. Additionally, a nitroblue tetrazolium chloride test was applied to the embryos/seedlings in the dry state and during and after germination to localize superoxide radical (O 2
Introduction
Germination, which is defined as events occurring between the start of uptake of water by a seed and the emergence of the embryonic axis through its surrounding structures, is an important stage in the plant life cycle because it is a prerequisite for seedling establishment and further plant development (Bewley et al., 2013) . It involves processes such as hydration of cells, reparation of mitochondria and DNA, commencement of respiration, transcription, and synthesis of DNA, RNA, and proteins. There are numerous reports on these processes, including those using modern molecular methods of genomics and proteomics (reviewed by Nonogaki et al., 2010) . In spite of advanced tools and achievements, the key event(s) that triggers the completion of germination is still a mystery.
An essential event for the completion of germination sensu stricto is elongation of specific cells to result in radicle protrusion. However, the cells along the axis are not equally active as far as expansion/division is concerned. Because the radicle is usually the first embryonic structure to emerge from the seed, it has been widely assumed that this region elongates to complete germination. A pioneering study on green fluorescent protein-transformed Arabidopsis thaliana using confocal microscopy and time-lapse photography of the embryo during germination revealed that it is the cells of the lower hypocotyl and hypocotyl-radicle transition zone that elongate, and this causes radicle protrusion, while the length of the radicle per se remains almost unchanged until germination is completed . However, there are suggestions in the literature that cellular events during germination can be different in different species, which probably is related to the type of subsequent seedling establishment: epigeal (e.g. the cotyledons emerge above the ground following germination) or hypogeal (e.g. the cotyledons remain below the ground after germination) (Black et al., 2006) . Based on micrographs of fixed and sectioned material, it has been concluded that in the epigeal species Phaseolus vulgaris and Lactuca sativa, it is the hypocotyl that first expands during germination (Srivastava and Paulson, 1968; Musatenko et al., 1981) . In contrast, Obroucheva (1999) stated that, during epigeal seedling establishment, the first growth event is elongation of the radicle. Werker (1997) concluded that radicle protrusion usually takes place due to elongation of other regions of the embryo; in most cases, it was claimed to be the hypocotyl, but in yucca for example it was the cotyledons. Because of these ambiguous reports, research is needed to establish the cellular pattern of germination for seeds of important crops that are extensively studied using molecular techniques. Because only a few tiers of cells elongate in the embryo axis, research on the cellular/molecular events that result in the completion of germination should be focused on this region of the embryo. The common practice of using whole embryos or embryo axes for analyses can mask changes in the few germination-causative cells.
A detailed knowledge of which cells are responsible for radicle emergence is currently limited to A. thaliana . Repeating the previously used technique of confocal microscopy for important agricultural and horticultural species is not possible because lines expressing the appropriate fluorescent proteins are not available. However, because elongated cells are usually endopolyploid (e.g. formed during endoreduplication, a process of DNA amplification not followed by mitosis), they can be detected by flow cytometry (FCM). This method, which is used for the estimation of DNA content in the nucleus, can also determine the cell-cycle activity, and therefore can also be used for non-polysomatic (possessing no endopolyploid cells) species to detect the region with a high mitotic activity, which presumably is responsible for the radicle protrusion. Differences in the proportion of cells with different DNA contents have been detected in various regions of dry and germinating seeds (reviewed by Sliwinska, 2009 ). There are several reports suggesting that an increase in the proportion of nuclei with 4C (being in the G 2 phase of the cell cycle) or more (endopolyploid) DNA (C=DNA content of a holoploid genome with chromosome number n) is a marker of germination advancement and therefore can be used to follow the progress of priming, a pre-sowing seed enhancement treatment. FCM analyses of different seedling organs has confirmed that some species are polysomatic (having somatic cells of different ploidies in the same organ) and others are non-polysomatic (containing only 2C and 4C cells; Gilissen et al., 1993; Barow and Meister, 2003; Sliwinska and Lukaszewska, 2005) . Endoreduplication level is correlated with the systematic position of a species, is tissue-and organ-specific, and depends on developmental stage. It is suggested that polysomaty has a functional significance and is a mechanism to generate sufficient DNA and of an appropriate size in highly specialized cell types, such as treachery elements, endosperm, or suspensor (List, 1963; Nagl, 1974; Galbraith et al., 1991; Kowles et al., 1992) . In A. thaliana, elongation of the cells of the hypocotyl-radicle transition zone during germination and of collet hairs during early seedling growth is coupled with endoreduplication . It is very likely that this process occurs in metabolically active cells during germination of seeds of many species.
Imbibed seeds generate reactive oxygen species (ROS) derived from molecular oxygen (O 2 ) that are highly reactive and usually electrophilic, attacking other molecules to abstract electrons (Black et al., 2006) . There is evidence that ROS are involved in seed development, maturation, and germination, and play a role in the cell wall loosening required for cell elongation (Bailly et al., 2008; Kranner et al., 2010; Oracz et al., 2009 Oracz et al., , 2012 . It has been suggested that the rate of cell growth is proportional to the amount of ROS produced in growing organs (Gapper and Dolan, 2006) . ROS can affect also cell fate during the cell cycle; they regulate S-phase entry and arrest, as well as being involved in cell senescence (Burhans and Heintz, 2009) . ROS with one added electron, the superoxide anion radical (O 2
•-), produced by NADPH oxidases using NADPH as an electron donor, is responsible for respiratory metabolism activation, which is one of the early events during Phase II of germination (Gapper and Dolan, 2006; Bewley et al., 2013) . For these reasons, we hypothesized that the presence of ROS and endoreduplication in germinating embryo are linked.
The aim of the present study was to identify the region(s) of the embryo involved in axis extension and radicle emergence in 16 species with seeds of different types: perispermic, endospermic, and non-endospermic, establishing seedlings that are epigeal or hypogeal. FCM was used to establish the endoreduplication pattern and cell-cycle activity in different embryo regions: the radicle, transition zone, hypocotyl, and cotyledons. A histochemical test detecting O 2
•-was used to localize the zones of activation of respiratory metabolism and to verify the hypothesis that their accumulation coincided with the presence of endopolyploid cells. The study provides information on the location of key embryo regions involved in completion of germination, which can be helpful in research on the fundamental molecular and metabolic processes involved in germination. This information can also be useful to seed producers to monitor the progress of priming treatments in commercial seed lots. We are not aware of any previous reports that compare cellular events during germination and early seedling growth in different embryo regions in a broad spectrum of species.
Materials and methods

Experimental materials
Commercial seeds of 16 agriculturally important species: Beta vulgaris 'Arthur', Brassica napus 'Monolit', Capsicum annuum 'Sono', Cicer arietinum 'Principe', Cucumis sativus 'Cezar', Cucurbita maxima 'Bambino', Glycine max 'Aldana', Helianthus annuus 'Giganteus', Lens culinaris 'Red', Lepidium sativum 'Krause Kresse', Lupinus angustifolius 'Boruta', Medicago sativa 'Capitana C1', Phaseolus vulgaris 'Tosca', Pisum sativum 'Lasso', Vicia faba var. minor 'Albus', and Vicia sativa 'Ina', differing in type of seedling establishment (11 epigeal species and five hypogeal; Table 1 ), were used as plant material. All selected species were annuals, except for the biennial B. vulgaris and perennial M. sativa. C. annuum and L. sativum produce endospermic seeds, B. vulgaris perispermic, and all remaining species were non-endospermic. All seed lots were of high germination capacity (90-100%). Analyses were performed at the following stages established in preliminary germination tests: (I) dry seed, (II) Phase II of germination (shortly before radicle protrusion at the end of the lag phase of water uptake), and (III) radicle protrusion (Phase III of germination) (Bewley et al., 2013) . Seeds were germinated under conditions recommended by the International Seed Testing Association (moist filter paper, 20 °C, darkness; ISTA, 1993). The boundaries of the hypocotyl-radicle transition zone were established in a preliminary germination test that was prolonged until the development of collet (transition-zone) hairs, following the markers described previously by Sliwinska et al. (2009 Sliwinska et al. ( , 2012 . As is generally accepted for angiosperms, the hypocotyl-radicle boundary in the mature embryo coincides with the basal cap boundary (Esau, 1965; Dubrovsky and Tykarska, 1995) . After marking this region with a waterproof pen, its extension during germination and early seedling growth was observed. The upper tier of collet hairs was the region determined to be the hypocotyl-transition zone boundary (Negbi, 1965; Cheng et al., 1995) . Frequently, once germination started, the cells of the transition zone became more swollen than the other cells of the axis, visibly defining this region ( Supplementary Fig. S1 at JXB online).
FCM
For FCM analyses, the embryos/seedlings were dissected into the radicle, hypocotyl-radicle transition zone, hypocotyl, and cotyledons. Samples were prepared as described previously (Rewers et al., 2009) , using 4,6-amidino-2-phenylindole (DAPI; 2 µg ml -1 ) for DNA staining. Analyses were performed on five biological replicates by a Partec CCA (Partec GmbH, Münster, Germany) flow cytometer, equipped with an HBO lamp, KG1 heat protection filter, BG12 and UG1 short-pass filters, GG435 long-pass filter, and a dichroic mirror TK420, using a logarithmic amplification. For each sample, the fluorescence of 5000-8000 nuclei was analysed. Histograms were evaluated using the DPAC v.2.2 program (Partec GmbH). The percentage of nuclei with different DNA contents and the mean C-value (mean ploidy; Lemontey et al., 2000) , as well as the (Σ>2C)/2C ratio, were calculated. The results were analysed statistically using a one-way analysis of variance and Duncan's test (P=0.05).
In this study, nuclei having at least 8C DNA were considered to be endopolyploid, since it is not possible to distinguish by FCM the 4C nuclei in cells that have just entered endoreduplication (i.e. in the G 1 phase of the first endocycle) from those within cells in the G 2 phase of the mitotic cycle.
Measurements of the length of seed/seedling regions
The lengths of the radicle, transition zone, and hypocotyl were estimated at the same stages as for FCM using images taken with a Nikon DS-Fi1 camera mounted on a stereoscopic microscope Nikon SMZ 1500. The measurements were performed on five individual seeds/seedlings for each data point using ImageJ software.
In situ localization of O 2
•-accumulation
An in situ histochemical test, involving staining with nitroblue tetrazolium chloride (NBT; Sigma-Aldrich, Poland) was applied to determine O 2 •-accumulation in the embryo/young seedling at the same stages as used for FCM. Isolated embryos/seedlings were incubated in 6 mM NBT in 10 mM Tris/HCl buffer (pH 7.4) for 10 min at room temperature (Oracz et al., 2007) before being rinsed twice with distilled water. Staining of embryos/seedlings (at least five per stage and species) was estimated using a stereoscopic microscope (Nikon SMZ 1500).
Results
FCM
Of the 16 investigated species, only H. annuus appeared to be non-polysomatic; in all of the others, there were some nuclei with a DNA content higher than 4C, which is characteristic of polysomaty (Figs 1-3 and Supplementary Table S1 at JXB online). The pattern and intensity of endoreduplication in these 15 polysomatic species, determined by the number of endocycles, the proportions of the nuclei with different DNA content, the mean C-value, and the (Σ>2C)/2C ratio, were related to the type of seedling establishment, species, embryo/ seedling region, and developmental stage (Tables 1-3) .
In H. annuus, no endopolyploidization was observed; well over 80% of nuclei, regardless of the embryo/seedling region and developmental stage, were in the G 0 /G 1 phase of the cell cycle (possessing 2C DNA), and there were no more than 14% of 4C (G 2 ) nuclei (Figs 1B and 2 J-L, and Supplementary  Table S1 ). Both the mean C-value and the (Σ>2C)/2C ratio increased slightly during germination, marking an increase in the cell-cycle activity, which was similar in all regions (Tables  2 and 3 ). The elongation was also similar in all regions of the axis (Supplementary Table S2 at JXB online).
In the embryo/seedling axis of polysomatic species, the number of endocycles (DNA replication from 4C to 8C was considered as the first endocycle) varied from none to two. Three endocycles, resulting in the presence of endopolyploid nuclei with 8C, 16C, and 32C DNA, occurred only in the hypocotyl of young seedlings of the hypogeal-type species C. arietinum and was accompanied by a greater than 3-fold increase in the length of this organ (Table 1, and Supplementary Tables  S1 and S2 , and Fig. 1D ). Such extensive elongation was not observed in the hypocotyl of any of the other species studied. The highest proportion of endopolyploid nuclei, over 40%, was detected in the transition zone of B. vulgaris and C. sativus seedlings. No endopolyploid nuclei in the embryo axis were detected only in dry seeds of C. annuum and G. max; 8C nuclei (2-5%) occurred first at Phase II of germination or after radicle protrusion. Only in four Fabaceae species, M. sativa, L. culinaris, V. faba var. minor, and V. sativa, were no endopolyploid nuclei present in the radicle at any time; however, a considerable increase in the proportion of 4C nuclei after radicle protrusion suggested that some of the cells of this organ enter the first endocycle (Table 1,  Supplementary Table S1 , and Fig. 3J-L) . In the cotyledons of species belonging to the Fabaceae (with the exception of the perennial species M. sativa), the number of endocycles was higher than in the axis, being five in the dry seed of P. vulgaris, which resulted in the presence of 0.5% of nuclei with 128C DNA (the only samples in which cells underwent five endocycles; Figs 1C and 2G ). In the polysomatic species from other families, no more than one endocycle occurred in the cotyledons (Table 1) . Only in B. napus and M. sativa were no 8C nuclei present in this organ at any developmental stage. The highest proportion of endopolyploid nuclei, over 40%, was detected in the cotyledons of L. angustifolius, although endopolyploidization reached only 32C, while in the highly polysomatic cotyledons of dry seeds of P. vulgaris, endopolyploid nuclei constituted only 37%. The mean C-value was the highest in the cotyledons of the dry embryo of P. vulgaris (over 9; Table 2 ). However, when the average for all embryo/seedling regions was considered, the highest mean ploidy was in the seedlings of C. arietinum (5.5), a consequence of relatively high endoreduplication in all regions of the seedling; in P. vulgaris, it was much lower in the axis (average for all regions was below 5). The lowest mean C-value was in dry seeds of C. annuum; it was close to 2 in all regions, similar to the non-polysomatic H. annuus. The value in the axes of species that exhibited epigeal seedling establishment was the highest, in most cases, in the hypocotylradicle transition zone. However, in B. napus and C. annuum, once the germination reached Phase II, the endoreduplication intensity was the same in the transition zone and in the radicle. In C. maxima, despite the higher mean C-value in the transition zone than in the radicle, the relative elongation of both regions was similar (about 2.5-fold during Phase II of germination and 4-fold after radicle protrusion) and it was much higher than in any other species (Supplementary Table  S2 ). In the hypogeal-type species, endoreduplication was most intensive in the hypocotyl (C. arietinum and V. sativa) or in the hypocotyl and transition zone, and these regions elongated more than the radicle (Table 2 and Supplementary  Table S2 ). The mean C-value increased in all three regions of the axis during germination and early seedling growth, except in the hypocotyls of L. sativum and L. angustifolius where no significant change occurred. Endoreduplication intensity also increased in cotyledons of most species during germination; however, in P. vulgaris and C. arietinum it decreased and in four Fabaceae species no changes were observed.
The (Σ>2C)/2C ratio, which better reflects changes in the proportion of 2C nuclei, varied between 0 (the radicle of C. annuum dry seed, 100% 2C) and 4 (the transition zone of seedlings of B. vulgaris and L. angustifolius, 20% 2C; Table  2 and Supplementary Table S1 ). It was also high, although slightly below 4, in the radicle and transition zone of C. sativus seedlings. The other regions of the seedling axis with a ratio over 3 were the transition zone of C. maxima and L. sativum, and the radicle of C. maxima. Although this ratio was increasing in the axis during germination, the increase was often statistically significant only when germination was completed. This increase was especially evident in the radicle (10 out of 15 polysomatic species; Table 2 ). The (Σ>2C)/2C ratio at all stages was the highest in the transition zone of the axis of epigeal-type species such as B. vulgaris, L. angustifolius, M. sativa, and P. vulgaris. In three species, the ratio was the same in the transition zone and radicle after radicle protrusion, and in B. napus, no differences between these two axis regions was found at any stage. In hypogeal-type species, the ratio was always higher in the hypocotyl than in the radicle and in some cases also higher than in the transition zone. In the cotyledon, it was above 1 (i.e. below 50% of 2C nuclei were present) in L. angustifolius, P. vulgaris, C. arietinum, V. faba var. minor, and V. sativa. In most of the species, it increased in this organ during germination and at radicle protrusion, although sometimes not significantly. Only in L. angustifolius and P. vulgaris did the ratio decrease during germination and then slightly increase upon its completion.
In situ localization of O 2
The region where O 2 •-was located was the same in all investigated species, regardless of their polysomaty level and the type of seedling establishment (Table 1 , and Figs 2A-F and 3A-F). There was no NBT staining in any region of a dry seed. In the hypocotyl and cotyledons, no O 2
•-accumulation was detected during the length of the experiment. At Phase II of germination, only in the radicle was the •-accumulation extended to the transition zone only at the time of radicle protrusion.
Discussion
In A. thaliana, a species with epigeal seedling establishment, the first cells to elongate during germination are the cells of the basal hypocotyl and hypocotyl-radicle transition zone . To effect radicle protrusion, the elongation zone expands upwards into the hypocotyl and downwards into the transition zone; however, the cells that elongate most are located almost exclusively in the transition zone. Until germination is completed, no substantial elongation of the radicle occurs. Because cell elongation is usually accompanied by endoreduplication (Melaragno et al., 1993; Kato and Lam, 2003; Sugimoto-Shirasu and Roberts, 2003; Barow, 2006; Sliwinska et al., 2009) , the occurrence of endopolyploid cells can be viewed as an indication of enhanced cellular activity in a particular region. Endopolyploid nuclei can be quickly and easily detected by FCM. Because of the small size of Arabidopsis seeds, it is difficult to isolate regions of the embryo axis for FCM analysis. However, establishment of the proportions of nuclei with different DNA content in the entire axis, supported by microscopic nuclear size measurement, clearly indicates that already during Phase II of germination an increase in 4C nuclei occurs and some of the nuclei undergo an endocycle (doubling the DNA content to 8C; Sliwinska et al., 2009) .
In this study, using the much larger seeds of a close relative of Arabidopsis, L. sativum, the regions of endoreduplication activity were precisely localized. Already in a dry seed, endopolyploidy was highest in the transition zone (up Table 3 to 16C) and constantly increased until radicle emergence. Surprisingly, endoreduplication was higher in the radicle than in the hypocotyl; in the latter organ, the mean C-value did not change significantly during germination. While in Arabidopsis cotyledons there was no endopolyploid nuclei, even in the young seedlings , in L. sativum 8C nuclei were already present here during Phase II of germination. Similarly to L. sativum, in most other species studied here that established seedlings in an epigeous manner, the transition zone was the region within the axis with the most intensive endoreduplication. It was also the region in which relative elongation was the highest, which confirmed that there is a positive correlation between cell size and nuclear DNA content (Melaragno et al., 1993; Kato and Lam, 2003; Sugimoto-Shirasu and Roberts, 2003; Barow, 2006; Sliwinska et al., 2009) . As for the other two axis regions, only in M. sativa, a perennial species with low polysomaty (containing only up to 4% 8C nuclei), was the mean C-value higher in the hypocotyl than in the radicle. In the remaining species, it was either the same in both organs or higher in the radicle. It is possible, however, that, because the hypocotyl is much longer than the radicle, similarly to in Arabidopsis , only a few tiers of cells in its lower region elongate during germination. If so, endopolyploid cells constitute only a small fraction of the total number of cells and as such cannot significantly influence the mean ploidy of this organ. FCM results for P. vulgaris support the observations of Musatenko et al. (1981) , who found that during germination of the seeds of this species there is first an increase in size of the cells near to the radicle-hypocotyl borderline and then further up the hypocotyl, whereas an increase in length of the radicle occurs only after its emergence. In contrast, Obroucheva et al. (1995) , after measuring the elongation of the cells in the embryo of another epigeal-type species, Gossypium hirsutum, concluded that germination was completed due to the elongation of the radicle cells. A different pattern of endoreduplication occurred in the axis of species with hypogeal germination. The radicle was usually the region with the lowest endopolyploidization and the hypocotyl with the highest. This is in an agreement with previous reports on cell elongation in V. faba var. minor, where the hypocotyl was the first to grow, and only after radicle emergence did its basal cells start to elongate (Obroucheva et al., 1995; Antipova et al., 2003) .
. The (Σ>2C)/2C ratio in different regions of: I, dry seed; II, seed in Phase II of germination; III, young seedling after the radicle protrusion in epigeal (E) and hypogeal (H) species
The radicle is widely assumed to be the region of the embryo where an increase in 4C nuclei is predominantly located, and therefore its 4C/2C ratio has been proposed as a marker of seed germination/priming advancement (reviewed by Sliwinska, 2009) . From the present results, however, it is evident that, depending on the type of seedling establishment and polysomaty, assessment of the cell cycle/endoreduplication activity in the transition zone and/or the hypocotyl provides a better indication of entrance into Phase II of germination.
In the cotyledons of the species that did not belong to the family Fabaceae, there was usually no endopolyploid nuclei at the dry state and one endocycle occurred just before or after the completion of germination. M. sativa was the only Fabaceae species with no endoreduplication in the cotyledons. This can be related to the small size of its seeds or to the foliar type of cotyledons, which after emergence above the ground can quickly commence photosynthesis (Rewers and Sliwinska, 2012) . In other species of this family, cotyledons, the major storage organs supporting growth of the seedling before it establishes photosynthetic activity, were the most polysomatic organs of the embryo. These results confirmed our previous hypothesis that in M. sativa another mechanism exists to support early seedling growth compared with other Fabaceae species (Rewers and Sliwinska, 2012) .
NBT forms insoluble blue formazan upon reduction and therefore is commonly used for detection of O 2
•-, one form of ROS. Previous histochemical tests on species such as A. thaliana, G. max, H. annuus, C. sativus, Solanum lycopersicum, and Zea mays have shown that ROS are commonly produced in the growing zone of plant roots (Liszkay et al., 2004) . These studies suggest that there is a causal relationship between apoplastic ROS accumulation and cell elongation. Hydroxyl radicals (
• OH) generated in the cell wall in a peroxidase-mediated reaction from O 2
•-and H 2 O 2 , were reported to induce cellwall loosening (required for elongation growth) in germinating seeds and growing seedlings of L. sativum and Z. mays (Müller et al., 2009) . O 2
•-accumulation during germination of L. sativum seeds was localized in the radicle and at the time of radicle protrusion also in the adjacent region of the axis. The presence of ROS in the radicle of germinating seeds of H. annuus and A. thaliana has also been linked to cell elongation (Oracz et al., 2009; Leymarie et al., 2012) . The suggestion that the relationship between ROS accumulation and cell elongation exists was not supported by the present results. Similar to results reported previously for L. sativum (Müller et al., 2009 ), a pattern of NBT staining was observed in all studied species, including non-polysomatic species H. annuus, which probably completed germination due to cell division. However, O 2
•-was not produced in those regions of the embryo of polysomatic species that elongated the most (i.e. expressed the highest endoreduplication intensity, as shown for A. thaliana; Sliwinska et al., 2009 ), e.g. in the hypocotyl-radicle transition zone and the hypocotyl of species with an epigeal or hypogeal type of seedling establishment, respectively. Why ROS are present during germination exclusively in the radicle, regardless of seed type, polysomaty level, and type of seedling establishment, is difficult to explain based on present knowledge. It is possible that ROS production is a consequence of several biochemical reactions that take place during and following seed imbibition. As reported by Job et al. (2005) , seed proteins can act as scavengers for ROS, and protein carbonylation can cause modifications to the metabolic activity of imbibed seeds. Hence, during germination, ROS can rapidly decline or accumulate; however, only accumulation was detected here. Because the radicle is the region of the embryo that is most exposed to mechanical forces during its penetration through the surrounding structures (endosperm, testa, and pericarp, depending on the seed type), it is possible that superoxide is produced during processes that result in the strengthening of the radicle cell wall, as occurs in plant tissues after pathogen attack (reviewed by Torres et al., 2006) . Another alternative is that the accumulation of O 2
•-is a defence mechanism of the radicle, which is the first embryonic region to be exposed to environmental biotic and abiotic stresses after germination is completed. The spread of superoxide accumulation to the transition zone (similarly protruding from the seed coat after germination and therefore also subjected to stresses connected with soil penetration) during early seedling growth would support this contention. A strong ROS release by germinating Raphanus sativus and P. sativum seeds at testa rupture and after the radicle protrusion has also been suggested to play a role in protecting the emerging seedling against pathogen attack (Schopfer et al., 2001; Kranner et al., 2010) .
Concluding remarks
In polysomatic species, the intensity of endoreduplication during germination and early seedling growth differs in different embryo/seedling regions and also varies with species and type of seedling emergence. In the axis of epigeal species, the intensity of endoreduplication is usually highest in the hypocotyl-radicle transition zone, while in those of the hypogeal type it is in the hypocotyl. Establishing changes in DNA synthesis patterns in these regions can be helpful to monitor germination advancement, including during seed priming. Also, focusing on those most active regions of the embryo to perform very expensive molecular studies on germination that involve genomics, transcriptomics, proteomics, and metabolomics methods would lower their costs, speed them up, and make the results more reliable. Endopolyploidy in cotyledons depends more on the cotyledon type (storage or foliar) than on the type of seedling establishment. As reported previously for five Fabaceae species (Rewers and Sliwinska, 2012) , endopolyploidy is high in those that serve as storage organs and lower in foliar ones. Endopolyploidy (usually coupled with cell elongation) during germination and after radicle protrusion is not connected with superoxide radical accumulation. O 2
•-is present in the radicle during Phase II of germination, and after this is completed, these radicals appear in the transition zone, regardless of species. This is consistent with the suggestion that their role is for protection against environmental stresses rather than for the control of cell elongation.
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Supplementary Table S1 . Percentage of nuclei with different DNA contents in different regions of: I, dry seed; II, seed in Phase II of germination; III, young seedling after radicle protrusion.
Supplementary Table S2 . Elongation of different regions of: I, dry seed; II, seed in Phase II of germination; III, young seedling after radicle protrusion. Supplementary Fig. S1 . Boundaries of different regions of: I, dry seed; II, seed in Phase II of germination; III, young seedling after radicle protrusion; IV, seedling with developed collet hairs.
